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High energy cosmic ray electrons and positrons, during propagation in the Galaxy, mainly lose
energy through either the inverse Compton scattering (ICS) off of the interstellar radiation field
(ISRF) or emitting synchrotron radiation in the Galactic magnetic field (GMF). Emitted photons
by these two main energy loss mechanisms contribute to, respectively, diffuse Galactic gamma rays
and radio waves. The variation of the distribution of the ISRF and the GMF has a sizable impact on
the spectrum of cosmic ray electrons and positrons throughout the Galaxy. This impact is revealed
both locally through measuring the local flux of cosmic ray electrons and positrons and globally by
observing the spectra and morphology of diffuse gamma rays and radio waves. In this paper, we
quantify this impact and conclude that recent data from AMS-02, Fermi and H.E.S.S experiments
are powerful enough to be alternatively applied for constraining properties of the ISRF and the
GMF.
I. INTRODUCTION
The GMF and the ISRF are two interstellar medium
ingredients whose energy densities are the same order to
that of cosmic rays. Thus, they play an essential role in
determining the dynamics and processes in the interstel-
lar medium.
The GMF is inferred from the Faraday rotation mea-
sure and the synchrotron radiation in total intensity and
polarization [1–4]. It has a regular component which is
believed to follow the spiral structure of the Galaxy with
a pitch angle p. The direction of the local regular mag-
netic field is defined as l = 90◦ + p where l the Galactic
longitude points to the Galactic center when l = 0◦ and
points to the south when l = 90◦. There is no consensus
on the exact morphology of the regular magnetic field.
Indeed, a variety of models for the ordered component
of the GMF can be found in the literature (see [5] and
references therein). The GMF has also a turbulent com-
ponent. Because of the random direction, the turbulent
magnetic field only contributes to the total intensity of
the synchrotron radiation without any effect on either the
Faraday rotation measure or the polarized synchrotron
emission. The turbulent magnetic field intensity is con-
ventionally assumed to exponentially decrease outward
the Galaxy in both radial and vertical directions with
the maximum value at the Galactic center
Bturb = B0,turb exp (−
R−R⊙
R0,turb
) exp (−
|z|
z0,turb
). (1)
The turbulent component of the GMF is much less cer-
tain than the ordered one. Studies on polarization sug-
gest the local energy density of turbulent magnetic field
is roughly equal to that of regular magnetic field [6–10].
For a given value of B0,turb, the intensity of the magnetic
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field at the Galactic centre BGC , which is dominated by
the turbulent component, is dictated by the radial scale
of the turbulent magnetic field R0,turb. The Galactic cen-
tre magnetic field intensity is largely uncertain. There is
a lower bound of 50µG [11] and the most probable value
is 100µG. The scale height z0,turb is assumed to be the
same as the scale height of the diffusion zone.
The ISRF stands for low energy photons in our Galaxy.
It consists of optical, infrared and cosmic microwave
background (CMB) photons. Optical photons are emit-
ted by stars and infrared photons are scattered or ab-
sorbed star light by dusts. The distribution and the
spectrum of optical and infrared photons are calculated
by using the stellar and dust distribution taking the ab-
sorption and scattering processes into account [12]. The
CMB energy density is well known by direct observations
[13].
The GMF and the ISRF can be further constrained
noting that high energy cosmic ray electrons and
positrons mainly lose energy by ICS off of the ISRF and
by synchrotron emission in the GMF [14]. The morphol-
ogy and the energy density of the GMF and the ISRF
affect the energy loss of high energy cosmic ray e±s and
thus affect their spectrum in the Galaxy. This influence
can be locally observed by measuring the local spectrum
of cosmic ray electrons and positrons. Redistributed cos-
mic ray electrons and positrons produce photons via ICS
and synchrotron emission with different morphology and
spectrum. This global effect can be observed in spectra
of diffuse gamma rays and radio waves. Thus, the dis-
tribution of the ISRF indirectly impacts the spectrum
of the synchrotron emission and so it is for indirect im-
pact of the distribution of the GMF on the spectrum of
ICS component of diffuse gamma rays. In this paper,
we quantify those impacts. Indeed, high accuracy data
for the spectra of cosmic ray e±s by AMS-02 [15–18] and
for the spectra of diffuse gamma rays by Fermi-LAT [24]
and H.E.S.S [25] have the power to put constraints on
properties of the GMF and the ISRF. In section II, we
show how the local spectra of cosmic ray electrons and
2positrons change by varying the properties of the local
interstellar medium. Section III is devoted to effects of
global properties of the GMF and the ISRF on the spec-
tra of ICS component of diffuse gamma rays and syn-
chrotron component of radio waves. Our conclusions are
presented in IV.
II. LOCAL INTERSTELLAR MEDIUM
The flux of cosmic ray e±s is composed of primary
electrons, which are accelerated by supernova remnants,
secondary electrons and positrons, which are produced
by interaction of cosmic ray protons and heavier nuclei
with the interstellar gas, and high energy electrons and
positrons which are injected by extra sources such as pul-
sars and/or dark matter [15–17]. Cosmic ray electrons
and positrons, after being accelerated by sources, are in-
jected into the interstellar medium where they diffuse and
lose energy by a number of mechanisms. The estimate
of the flux at low energies has large uncertainties. The
secondary production cross section below E = 10 GeV is
not known well. Also, at low energies the spectrum of sec-
ondaries is sensitive to the diffusion scale height. A thin-
ner diffusion zone predicts a smaller diffusion coefficient.
This relies on the local spectrum of Boron to Carbon ra-
tio in agreement with AMS-02 data [19]. The smaller
diffusion coefficient makes cosmic ray protons and heav-
ier nuclei stay longer close to the Galactic disk, where the
interstellar gas is denser, and produce more secondaries.
Moreover, the spectrum at energies below E = 10 GeV
is time and charge dependent because of modulation by
the solar activity [16, 20]. To avoid those uncertainties,
we perform our analysis using data with energy above
10 GeV. In high energies, ICS off of the ISRF and syn-
chrotron emission in the GMF are dominant energy loss
processes [14]. The rates of energy loss by those processes
sharply increase with the energy of cosmic ray electrons
and positrons. Thus, high energy cosmic ray e±s that
reach us have only probed the local interstellar medium.
The energy loss rates via ICS and synchrotron emission
are proportional to, respectively, the ISRF and the GMF
energy densities
(dE
dt
)
ICS
=
4
3
σT cuISRF
(v
c
)2
γ2
(dE
dt
)
sync
=
4
3
σT cuGMF
(v
c
)2
γ2 (2)
where σT is the Thomson scattering cross section, uISRF
is the energy density of radiation, uGMF is the energy
density of the magnetic filed, v is the electron velocity
and γ is its Lorentz factor. The ICS energy loss rate
with σT is valid so long as γ~ω ≪ mec
2. For ultra
relativistic electrons, γ ≫ 1, the Thomson cross sec-
tion must be replaced by the Klein-Nishina cross sec-
tion σK−N which is inversely proportional to the energy
FIG. 1: Spectrum of cosmic ray electrons for various local tur-
bulence intensities. The local turbulent magnetic field is 0.1
(solid line), 0.5 (dotted line), 1 (dashed line) and 2 (dashed-
dotted line) times the local regular magnetic field which is
2µG.
of photons. Thus, in high energies the ICS off of CMB
photons is more effective than that of IR and optical
photons. The amount of energy that electrons lose by
ICS is (4/3γ2 − 1)E0 where E0 is the initial energy of
photons. A higher energy electron loses more energy
while up-scattering a photon compared to a lower en-
ergy electron. On the other hand, the synchrotron emis-
sion becomes maximum at νmax = 0.29
3
2γ
2νg sinα where
νg = eB/2pime = 28B GHzT
−1 and α is the pitch angle
of electrons orbit. Cosmic ray electrons with higher en-
ergy emit synchrotron radiation at higher frequencies. In
a nutshell, the higher energy cosmic ray e±s, the higher
rate and the higher amount of energy loss.
Here, we investigate how the local flux of cosmic ray
electrons changes by varying the ISRF and the GMF
properties. First, we examine different GMF morpholo-
gies. We choose three representative models for the reg-
ular magnetic field: the bi-symmetric spiral [10], the ax-
isymmetric spiral with rings [21] and the logarithmic spi-
ral [22]. As long as the local magnetic field intensities
are the same, different GMF morphologies can not be
discriminated by the local flux of cosmic ray electrons.
The relative difference of the flux for those GMF mor-
phologies is less than 2%. The local fluxes of cosmic ray
electrons and positrons are expected to be mostly sensi-
tive to the local interstellar medium properties. In Fig. 1,
we show how the intensity of the local turbulence affects
the flux of cosmic ray electrons. We vary the local turbu-
lent magnetic field from tenth to twice the local regular
magnetic field that is B⊙,regular = 2µG. As expected, by
increasing the local magnetic field intensity, the energy
loss rate increases and the flux falls more steeply.
In Fig. 2, the impact of varying the ISRF energy den-
sity on the spectrum of cosmic ray electrons is shown.
Since the CMB energy density is certain from observa-
tions, we keep it fixed and only multiply the energy den-
3FIG. 2: Local flux of cosmic ray electrons for different ISRF
energy densities. Having fixed the CMB energy density, we
vary the energy density of infrared and optical components
by multiplying them by 0.5 (dotted line) and 2 (dashed line).
The reference ISRF energy density is shown as solid line.
sity of optical and infrared photons by a factor. By in-
creasing the ISRF energy density, the rate of energy loss
through ICS increases and the spectrum becomes softer.
However, we note that softening of the flux in high en-
ergies is fainter. The reason is that in high energies the
Thomson scattering cross section is not valid any longer
and it must be replaced by σK−N . Thus, the increase in
the energy loss rate in high energies is less abrupt.
In addition to energy loss processes, the properties
of primary sources of cosmic ray e±s and the proper-
ties of cosmic ray diffusion affect the spectrum. The
leaky box approximation predicts that the energy spec-
trum of primary cosmic ray electrons is proportional to
E−(γe+δ/2)τ
1/2
loss where γe is the injection spectral index
of primaries, δ is the diffusion spectral index and τloss is
the time scale of the energy loss. A full analysis of all
parameters, which are involved in determining the local
spectra of cosmic ray electrons and positrons, has been
performed in [23].
III. GLOBAL INTERSTELLAR MEDIUM
Diffuse gamma rays are mostly produced in our own
Galaxy. Decay of neutral pions which are produced
via interaction of cosmic ray nuclei with the interstel-
lar gas, ICS of high energy e±s off of the ISRF and
bremsstrahlung of high energy electrons and positrons in
the interstellar gas give rise to gamma rays. Our Galaxy
is transparent to GeV scale gamma rays. Thus, those
photons propagate on direct lines through the Galaxy
without any attenuation. Gamma rays that reach us
from a given direction carry information about proper-
ties of the interstellar medium along that line of sight.
As for up scattered photons via Compton phenomenon,
the energy density of the ISRF in different sky regions di-
rectly affects the ICS spectrum. The more ISRF energy
density, the harder ICS spectrum. Moreover, assump-
tions on properties of the GMF have indirect impacts
on ICS spectra by altering the dominant mechanism of
energy loss of high energy cosmic ray e±s. The stronger
GMF, the more energy loss via synchrotron emission, the
softer ICS spectrum. In order to quantify those effects,
we first implement different morphologies for the regular
magnetic field as mentioned in Sec. II. The budget of en-
ergy density in regular magnetic field is almost the same
for various morphologies. Besides, in most sky regions
the turbulent magnetic field dominates the energy den-
sity. Thus, various morphologies slightly affect the rate
of energy loss of cosmic ray e±s and leave the ICS spec-
tra almost unchanged [26]. We choose the logarithmic
spiral model [22] for the regular magnetic field and only
vary the turbulent magnetic field. The local turbulence is
constrained by local spectra of cosmic ray electrons and
positrons. We fix B0,turb and increase the intensity of the
GMF at the Galactic centre by decreasing the radial scale
of turbulence R0,turb. The increase of BGC , while the lo-
cal magnetic field is kept fixed, makes the radial profile of
the GMF steeper. It increases the rate of energy loss of
high energy cosmic ray e±s via synchrotron emission in
regions close to the Galactic centre and softens the ICS
spectra by up to about 40% as shown in Fig. 3. The
synchrotron radiation in high latitudes is mostly emit-
ted in the local magnetic field. Since the local magnetic
field is kept fixed, the impact of increasing the BGC is
smaller in higher latitudes. In high energies, softening of
the ICS spectra is less pronounced. The reason is the fol-
lowing. High energy ICS photons are produced by ICS
of high energy comic ray e±s off of mostly optical and
infrared photons. In this regime, the Klein-Nishina scat-
tering cross section must be used. The ICS energy loss
rate with σK−N is smaller than the synchrotron energy
loss rate which is always proportional to σT . When these
two energy loss rates are very different, a change in one
impacts the other one less. Hence, at high energies the
effect of increasing the Galactic centre magnetic field on
fluxes of ICS is smaller.
The ISRF energy density has a direct impact on the
spectrum of ICS as shown in Fig. 4. We fix the CMB
energy density and multiply the energy densities of in-
frared and optical photons by a factor ranging from 0.5
to 2. The ICS spectrum becomes harder by about 70%
in all sky regions.
The increase in energy densities of infrared and opti-
cal photons has a reverse impact on the spectra of syn-
chrotron emission and makes them softer. This effect is
more pronounced in intermediate latitudes and it changes
the spectra by up to about 50% as shown in Fig. 5. In
these latitudes the rates of energy loss by synchrotron
emission and ICS are close to each other so that a change
in one has a notable effect on the other. In high lati-
tudes, the rate of energy loss by synchrotron emission is
very small because the intensity of the GMF sharply de-
creases out of the Galactic plane. On the other hand in
4FIG. 3: Spectrum of ICS in different sky windows for different
magnetic field intensities at the Galactic centre. The value of
BGC is 50µG (solid line), 100µG (dotted line) and 200µG
(dashed line).
FIG. 4: Spectrum of ICS in different sky regions for various
ISRF energy densities. Fixing the energy density of CMB
component, we multiply the energy density of infrared and
optical components by 0.5 (dotted line) and 2 (dashed line).
The reference ISRF energy density is shown as solid line.
low latitudes, synchrotron radiation is the dominant en-
ergy loss mechanism.The reason is that the GMF energy
density close to the Galactic plane is much stronger than
the ISRF energy density. As a result of very different
energy loss rates by synchrotron emission and ICS pro-
cesses in low and high latitudes, varying the ISRF energy
density has small effect on synchrotron spectra in those
regions.
IV. CONCLUSIONS
In this paper, we addressed an alternative approach
to constrain properties of the GMF and the ISRF. High
energy cosmic ray electrons and positrons that reach us
have probed the local interstellar medium thanks to their
rapid energy loss. Assumptions on local properties of the
interstellar medium affect local spectra of cosmic ray e±s.
High statistics measurements of those spectra by AMS-02
experiment are rather powerful to discriminate between
different local budgets of energy density in the GMF and
the ISRF and put constraints on them [23].
The diffuse gamma ray component which is produced
by ICS of high energy cosmic ray electrons and positrons
off of low energy photons throughout the Galaxy is af-
fected by distribution of the ISRF. On the other hand, as-
sumptions on GMF parameters affect ICS spectra by al-
tering the rate of producing gamma ray photons through
ICS. We quantified those effects in Figs. 3 and 4. High
accuracy data on diffuse gamma rays in a wide energy
range provided by Fermi-LAT and H.E.S.S are able to
constrain global properties of both the GMF and the
ISRF. Our forthcoming paper is devoted to analyzing dif-
fuse gamma ray data all over the sky to constrain global
properties of these two interstellar medium ingredients.
The spectra and morphology of synchrotron emission
are strongly sensitive to global properties of the GMF.
In fact, using properties of synchrotron emission is the
standard approach to determine the distribution of the
GMF. We showed that assumptions on the ISRF energy
density have a sizable effect on the spectra of synchrotron
emission in intermediate latitudes. This effect should be
taken into account in a self consistent analysis of syn-
chrotron emission.
FIG. 5: Spectrum of synchrotron emission in different sky
regions for various ISRF energy densities. Line styles are the
same as Fig. 4
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